The concept of vibration controllability with smart fluids within flexible structures has been in the centre of interest in the past two decades. Although much research has been done on structures with embedded electrorheological (ER) fluids, there has been little investigation of magnetorheological (MR) fluid adaptive structures. In particular, a body of research on experimental work of cantilever MR beams is still lacking. This experimental study investigates controllability of vibration characteristics of magnetorheological cantilever sandwich beams. These adaptive structures are produced by embedding an MR fluid core between two elastic layers. The structural behaviour of the MR beams can be varied by applying an external magnetic field to activate the MR fluid. The stiffness and damping structural characteristics are controlled, demonstrating vibration suppression capabilities of MR fluids as structural elements. MR beams were fabricated with two different materials for comparison purposes. Diverse excitation methods were considered as well as a range of magnetic field intensities and configurations. Moreover, the cantilever MR beams were tested in horizontal and vertical configurations. The effects of partial and full activation of the MR beams were outlined based on the results obtained. Controllability of the beam's vibration response was observed in the form of variations in vibration amplitudes and shifts in magnitudes of the resonant natural frequency.
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Introduction
One of the main issues in various structures is the undesirable excessive vibration. The control of structural vibrations can be implemented different ways such as modifying stiffness, mass, damping and shape, and by providing passive or active counter forces. The work presented in this paper constitutes the initial study of a magnetorheological (MR) fluid-based actuator as a structural element for vibration mitigation applications. An underpinning principle for the proposed MR actuator is tuning the total structure's stiffness and damping properties by means of the MR fluid effect. The changes in stiffness and damping are observed in the form of shifts in magnitudes of the resonant natural frequency and variations in vibration amplitudes, respectively.
As well known, MR fluids change from a fluid state to a quasi-solid one when activated by a magnetic field. Such a behaviour is linked to their structure: MR fluids contain magnetic particles (usually iron) in a carrier liquid; the size of the particles ranges typically from 1 to 10 μm. Under the application of a magnetic field, the particles magnetise and form chains in the direction of the field lines. This rearrangement causes a non-linear increase in the apparent yield stress. With increasing field strength, MR fluids exhibit increasing resistance to flow (apparent viscosity) or increasing stiffness (elastic modulus) depending on deformation. It is generally assumed that MR fluids behave as non-Newtonian fluids in the absence of field. Under the effect of magnetic field, two types of their rheological behaviour in the pre-yield and post-yield regimes are modelled. In the pre-yield regime, MR fluids show linear viscoelastic behaviour that can be characterised by the complex shear modulus G* with the storage modulus G' and loss modulus G" being its real and imaginary parts, respectively. On the other hand, the post-yield behaviour can be approximated by the Bingham plastic model. MR fluids have a short response time, of the order of a few milliseconds, and are thus suitable for real-time applications. [1] During the last two decades, smart fluids have been investigated as structural elements for vibration mitigation. However, much research has focused on ER fluid adaptive structures compared to the work done on structures embedded with MR fluids.
The damping characteristics of ER fluid-filled cantilevered beams in free oscillation were theoretically and/or experimentally investigated by several researchers [2] [3] [4] [5] [6] . Other investigations on ER sandwich structures include an ER filled insert in a solid beam [7] , an ER beam embedded with a fibre optic sensor [8] , and cantilever ER beams rotating in the horizontal plane [9] . In all these cases, the ER structures were fully activated by homogeneous fields. Furthermore, research was done on clamped-clamped ER beams with cavities which were tested with different volumes of filling of ER fluid [10] and by activating the ER fluid in different regions of the beam [11] . In general, controllability of the ER beam was shown by changing its stiffness and damping characteristics. However, the degree of tunability was limited by the properties of the used ER fluid and hardware constraints to achieve high voltages.
Unlike the extensive literature that can be found for ER fluids structures, research on MR fluids structures is more limited. This is surprising since MR fluids have higher stiffness compared to ER fluids and therefore can facilitate higher controllability. While ER fluids achieve a yield stress between 2-5 kPa, MR fluids achieve 50-100 kPa [12] . Besides, MR fluids do not need high voltage sources and have a wider range of operating temperatures. Still, an experimental work with MR fluids can be quite challenging. In ER fluid sandwich beams, the external layers of the beam (face plates) are the electrodes generating the electric field; whereas in MR fluid beams, the magnetic poles are not a part of the beam, and the magnetic field is generated externally. In a steady-state position, the magnetic field lines are perpendicular to the MR beam. However, once the MR beam is excited, it vibrates within the static magnetic field, continuously changing the angle between the magnetic field lines and the beam's axis. Moreover, since the magnetic poles are outside the beam, it might be rather demanding to generate a strong and homogeneous magnetic field at the fluid gap. In addition, the material of the outer faces should be non-magnetic so that the MR effect can be studied. Moreover, it is important to remember that the MR fluid contains magnetic particles and therefore is attracted to the magnetic poles. This could cause bending of the beam depending on the thickness and stiffness of the face plates and magnetic field strength.
Analytical models and simulations of composite structures containing MR fluids enclosed between layers can be found in literature [13] [14] . The vibration characteristics of ER and MR fluid simply supported sandwich beams were experimentally investigated [15] [16] . Results showed that MR materials have higher stiffness values and are recommended for vibration suppression of structures, which operate with high frequencies. However, their work presented some difficulties since their MR beam bended with the presence of magnetic field and they failed to achieve the expected magnetic field intensities. Similarly, sandwich beams with MR elastomer cores have been studied to create devices with controllable stiffness [17] .
While simply-supported MR sandwich beams have been experimentally investigated before, there still lacks a body of experimental research on cantilever MR beams. So, the objective of the present work is to analyze experimentally the controllability of cantilever MR sandwich beams under different magnetic field configurations, face plates materials and amplitudes of excitation. The maximum relative change in natural frequency, and therefore in stiffness, obtained by adjusting the applied magnetic field is here referred as controllability. The achieved magnetic fields are stronger than those reported in literature [16] . Furthermore, this study also aims to investigate the partial activation of cantilever MR beams in specific regions.
Sandwich beam design and manufacture
A simple sandwich cantilever beam system is selected to study the performance of MR fluids in adaptive structures. Cantilever beams are frequently used to study different behaviours because of their relatively simple mechanical model and as a basis for more complex structures. In this case, the controllable capabilities of MR fluids in adaptive structures were analysed in real time. The studied cantilever beam is formed by three layers: two elastic face plates and an MR fluid core. An external magnetic field controls the rheological properties of the fluid, and hence the dynamic characteristics of the structure. Modal analysis was conducted to obtain the natural frequencies of vibration of the cantilever beam in the absence and presence of magnetic field.
It was decided to use different materials for the face plates: aluminium and polyethylene terephthalate (PET). The middle frame, made of PET in both cases, keeps a uniform MR fluid layer inside the beam. The specimens are referred to as 'aluminium beam' and 'PET beam' in this paper. Table 1 shows the general properties of the employed materials. The MR fluid selected for this study was MRF-132DG manufactured by LORD Corporation. This hydrocarbon-based fluid has a viscosity of 0.092 Pa·s at 40°C and 80.98% of solids content. It contains carbonyl iron particles, which are widely used for MR fluids due to their high magnetic permeability and low coercivity, making the fluid suitable for reversible systems. Since in this specific application of the sandwich beam, the MR fluid is always in the pre-yield region, it is considered as a linear viscoelastic material.
It was decided to employ aluminium in one of the beams due to its light weight, low damping and relative high stiffness (compared to PET). Since its relative magnetic permeability is equal to unity, aluminium does not affect the strength and distribution of the magnetic field.
On the other hand, the transparency of the PET face plates and frame, allowed ensuring that no air bubbles were left within the fluid during the fabrication process. Besides, the MR beam with all three layers made of PET has some benefits, such as similarity in mechanical properties of the plastic parts, glue and sealant.
Each of the two MR sandwich beams is composed of three 1 mm thick layers. The aluminium plates were machined and the PET parts were laser-cut to the dimensions shown in figure 1 . The manufactured layers were glued together with Super Glue and sealed to avoid any leakage. Next, to be able to fill the cavity of the sandwich beam, a hole of 0.6 mm diameter was drilled in each side of the beam. One hole was drilled in the free end of the beam and the other one in the opposite side, very close to the clamping part. Then, the MR fluid was injected in the beam using a hypodermic syringe. Figure 2 shows a schematic of the glued MR beam and the location of the drilled holes. The hole close to the clamping part was used to let the MR fluid in and the hole in the free end was used to let the air go out. This method of filling the beam worked well without any air bubbles trapped inside. Finally, the two holes were sealed and allowed to dry. 
Experimental setup
It was necessary to build a structure to clamp the MR beam for the tests. Aluminium profiles were used for a rigid base to support and hold two lines of permanent magnets and the MR beam between these magnets (figure 3). Permanent magnets were chosen for their versatility to create different magnetic field configurations (homogeneous and non-homogeneous) along the MR beam. The entire unit was mounted on a granite base for maximum measurement stability.
The main elements of the employed test rig are the structure with the cantilever MR beam and permanent magnets, an impact hammer, an amplifier, a shaker, an oscillator, a laser vibrometer, a data acquisition card and a dynamic signal analyzer. Permanent magnets generate a magnetic field, which goes through the MR beam; this field is controlled by changing the distance between the magnets. Once the MR beam is excited, the laser vibrometer measures its vibration response. The data acquisition card collects the signals from the impact hammer (if necessary) and the laser vibrometer and sends them to the dynamic signal analyzer software. Finally, the signals are processed and Fourier transformed to get the natural frequencies of the beam. A schematic of the rig is presented in figure 3 . Two rows of permanent magnets were required according to the design of the test rig, since the MR beam is located between them. Different magnetic field intensities were obtained by changing the distance d ( figure 3 ) between the rows. In order to set up the magnets in the test rig, two aluminium housings were built and the Supermagnete Q404020N permanent magnets were pushed inside them (figure 4). Brackets were placed at both ends of the housing to keep the magnets in place. A hall-effect gaussmetter, Hirst model FM70, was used to identify the magnetic poles (north and south) and measure the magnetic flux generated by the magnets. Different options were employed to excite the cantilever MR beams: free vibration, impact hammer and shaker. Even though the applied forces were different in each case and the MR beam vibrated at different amplitudes because of the changes in the excitation force, the beam vibrated at the same natural frequency. For the free-vibration tests, the MR beam was released from a specific deflected set position to maintain the excitation force constant when comparing the response of the beam with and without magnetic field.
In a modal test, usually there are two ways to produce the excitation force: an impact hammer and a shaker. Theoretically, there would not be any difference between the measured frequency response functions obtained in an impact test and those from a shaker test. However, in practice, pure forces can not be applied to a structure without any interaction between them and the structure. Moreover, the mass and stiffness effects of the shaker attachment affect the modes of the structure, and a way to compensate these effects should be found. The impact hammer used to excite the MR beam was produced by the company Brüel and Kjaer. Its tip consists of a piezoelectric force transducer, which measures the impact force, allowing compressive force measurements up to 1000 N. The sensitivity of the impact hammer is of 22.8 mV/N. A charge amplifier was used for a better signal resolution. The shaker produced by Ling Dynamic Systems is a permanent magnet electrodynamic shaker with a sine force peak of 6 lbf (26.7 N) and a displacement up to 0.2 in (5.08 mm). The shaker stinger was made out of brass, which is non-magnetic, and the length was enough to ensure a good performance of the shaker without any interference with the magnets of the test rig. The shaker was driven by an amplified voltage signal generated by a power oscillator by the same company, set with a swept sine actuation frequency ranging from 0 Hz to 200 Hz.
The vibration response of the cantilever MR beam was measured by a laser vibrometer, the VH300 model produced by Ometron. It is a portable single-point laser Doppler vibrometer with a HeNe (Helium-Neon) laser as its source with an output of less than 1 mW at a wavelength of 632. 
Results and discussion
When a structure interacts with an external dynamic force, the vibration frequency response depends on the stiffness and mass distribution of the structural elements. Similarly, the magnitude of this vibration is controlled by the damping characteristics of the structure. Therefore, the vibration characteristics of the MR beams were studied by obtaining their resonant natural frequencies under different configurations of the magnetic field. Since significant shifts were presented in the resonant frequency, this study focuses on the first natural frequency of the MR beam only. Section 4.1 presents a set of preliminary tests that were conducted to define setup details for the test rig. Sections 4.2 and 4.3 describe the results obtained for the tests with the PET and aluminium MR beams, respectively.
Preliminary tests
In an initial set of tests, the MR beams were studied in the absence of magnetic field and the readings obtained were compared to choose the most reliable excitation way for this specific application. The readings of the first natural frequency of the PET beam corresponded to 14.844 Hz, 14.375 Hz and 14.531 Hz for the cases of free vibration, impact hammer and shaker, respectively. The data obtained for the different ways of excitation was close considering the effects of the shaker attachment on the beam. However, shaker tests were preferred to carry out the tests (with exception of free vibration tests) since the constant excitation force amplitude can be maintained providing more consistent results. The shaker excitation amplitude was set at a sine force peak of 13.35N.
The effect of the magnetic field direction on the behaviour of the MR beam was also studied. Two different magnetic field arrangements were tested with the aluminium MR beam, as schematically illustrated in figure 5 . One of the arrangements suggests having adjacent magnets in alternating directions compared to the case where the magnetic field is generated in the same direction. Since equal poles repel each other and opposite poles attract, the correct orientation of the adjacent permanent magnets is confirmed by the attraction or repulsion forces, depending on the case. For a constant magnetic field magnitude, the natural frequency was tunable by 5.0% in the case of the magnetic field with alternating directions compared to the 8.1% for the same direction arrangement. It is important to consider these arrangements when working with permanent magnets, since adjacent magnetic fields with opposite directions cancel themselves in their boundaries resulting in a lower overall intensity along the beam. The latter was verified with the gaussmeter. Therefore, the arrangement of magnetic field in the same direction, figure 5(b) , was chosen to carry out the tests. 
PET MR beam
The free vibration response curves of the PET MR sandwich beam are shown in figure 6 . The curves present the time response to an impulse applied at the free end of the cantilever MR beam in the absence and presence of magnetic field (0.11 Tesla), respectively. The data show that the beam's damping increases considerably with the applied magnetic field. From the rate of decay of the response in the free vibration plots and equations (1) and (2), the damping ratio  can be obtained. In equation (1),  corresponds to the log decrement, x the amplitude of vibration and n the number of cycles. The damping ratio in the absence of magnetic field corresponds to 0.46%, and it increases to 0.65% with a field of 0.11 T. The effect of activating the MR fluid in one specific region of the PET beam was investigated. The PET beam was also investigated under different non-homogeneous magnetic field levels and configurations. In all the cases, the distance between the magnetic poles corresponded to 6.9 cm. The variations of magnetic field intensities were obtained by varying the number of permanent magnets within the aluminium housings, as shown in table 2. All the magnets inside an aluminium housing have the same polarity and therefore they repel each other; as a consequence, the gaps between the magnets are equal. These gaps cause the non-homogeneity of the magnetic field since it is not uniform in magnitude along the beam. Figure 9 illustrates the change in the resonant frequency of the PET beam upon the application of the magnetic field. It can be observed that for stronger magnetic fields, the resonant natural frequencies are shifted to lower frequencies with smaller vibration levels. This behaviour might be due to the mass concentration of the iron particles in specific places and the non-homogeneous stiffening of the MR fluid along the beam. The PET beam's natural frequencies were experimentally tuned up to 26.9% and the vibration levels decreased as much as 2.33 dB. Measurements with stronger magnetic fields could not be achieved with the PET beam since it was not stiff enough and it was being attracted to the magnets. 
Aluminium MR beam
The free vibration response curves of the aluminium MR sandwich beam are shown in figure  10 . The tests were conducted in a similar way that with the PET beam. However, a magnetic field of 0.23T was applied since the aluminium beam is stiffer and withstands stronger magnetic fields without bending. The free vibration plots clearly show that the beam's damping increases significantly with the applied magnetic field. The calculated damping ratio in the absence of magnetic field for the aluminium beam corresponds to 1.8%, and it increases to 3.7% with a field of 0.23 T. The natural frequency of the aluminium MR beam was measured for a variety of nonhomogeneous magnetic fields. The magnetic fields of 0 T, 0.11 T and 0.14 T were generated with the arrangements described in table 2. In order to generate the magnetic field of 0.24 T, eight Supermagnete Q252513N magnets were added to the arrangement used for 0.14 T. Four magnets were placed on top of each aluminium housing and were attached by magnetic forces to the magnets inside the housing ( figure 11 ). Different readings were obtained when these extra magnets were placed either closer to the clamped end or to the free end. Figure 12 shows the obtained first natural frequency of the aluminium MR beam. There is a clear effect on the vibration properties of the aluminium beam. Once again, the natural frequency of the MR beam is shifted to lower magnitudes by activating the MR fluid only in some regions of the beam. For stronger magnetic fields, a bigger decrement in frequencies is observed. Moreover, when applying the magnetic field closer to the free end, a higher controllability can be observed than when applying it closer to the clamped one. Such behaviour was also observed for the PET beam. With a magnetic field of 0.24 T closer to the free end, the aluminium beam was tunable by 17.5% of the initial natural frequency. For another set of tests, the test rig was modified to bring the magnetic poles closer to a distance of 4.8 cm in order to achieve a stronger and more homogeneous magnetic field of 0.23 T. Five permanent magnets were pushed together in each aluminium housing. The increasing stiffening effect of the aluminium MR beam was observed with this new arrangement. An increase in the first natural frequency of 10.5% was observed as compared to the case without the field. By decreasing the distance between the magnets, a more homogeneous magnetic field was generated with the same amount of magnets. It was observed that there is a certain distance between the magnetic poles where the damping effect on the beam becomes greater than the stiffening effect. It is hypothesised that in low homogeneous magnetic fields, the storage modulus G' is smaller than the loss modulus G" resulting in highly effective damping in the structure and low vibration amplitudes; whilst with stronger magnetic fields G' becomes greater than G", so the stiffening effect overcomes the damping effect resulting in higher vibration amplitudes. It can be also supposed that in stronger magnetic fields the attraction force between the MR beam and the magnetic poles plays a significant role in its vibration response. Further research is needed to explore these conjectures.
Figure 13. Test rig with horizontal (a) and vertical (b) MR beam configurations
Finally, the MR cantilever beam was clamped in two different configurations: horizontal and vertical ( figure 13 ). The former (figure 13a) was used for most of the tests conducted. The vertical beam configuration allowed reducing the effect of gravity on the MR beam. In that configuration, the effect of two different locations of the magnetic poles was studied: parallel and perpendicular to the wide face of the MR beam. In the first case, the magnetic field was generated uniformly all along the MR beam. In the latter, the edges of the MR beam were closer to the magnets; hence, the magnetic field was stronger there than in the central part of the beam.
The stiffening effect of the magnetic field in the aluminium MR beam is demonstrated in figure 14 . The aluminium beam was clamped in the vertical configuration. The frequency response shows the change in the natural frequency of the beam when the homogeneous magnetic field is applied along the beam. When the magnetic poles were parallel to the wide face of the aluminium MR beam, a magnetic field of 0.23 T was generated resulting in the increase in the natural frequency by 5.9%. At the same time, there was an improvement in the damping properties of the MR beam since the vibration level decreased significantly; the vibration amplitude decreased 15.7 dB. The test rig was then modified to place the magnetic poles perpendicularly to the wide face of the aluminium MR beam. Because the distance between the magnetic poles was the same, a stronger magnetic field was achieved on the sides of the aluminium beam (0.32 T), resulting in the increase of 15.9% for the first natural frequency. 
Conclusions
In this paper an experimental approach to study the tunability of MR fluid-filled beams was described. The particular case of cantilever sandwiched beam was considered, but the principle can be applied to more complex structures. The stiffness and damping characteristics of the MR beams were investigated as a function of different magnetic field configurations and intensities. The beams were tested in free vibration and with an excitation force generated either with an electrodynamic shaker or an impact hammer. Shaker tests were preferred since the excitation force amplitude can be maintained constant.
The observed vibration characteristics of the MR beams are summarized as follows:
(1) MR beams were fabricated with two different materials for comparison purposes. The PET beam showed bigger shifts in natural frequencies than the aluminium beam for a same magnetic field level and configuration. This was expected since the stiffness of aluminium is much higher than that of PET. This should be taken into account while deciding which material to use for a specific application.
(2) The effect of factors such as magnetic field direction, magnetic field homogeneity, mass distribution and excitation force amplitude resulted imperative in order to obtain the expected response. While typical research done on ER and MR fluid structures suggests shifting the resonant natural frequency of the structure to higher frequencies, the present paper also suggests the possibility of shifting this frequency to lower values. It was demonstrated that this can be achieved by the partial activation of the beam, i.e. applying the magnetic field only to some sections of the beam. Unlike ER fluids, MR fluids are activated magnetically so there is no need for dividing the structure in cavities to be able to activate selected regions of the beam only. In some cases, the partial activation of the MR beam results in smaller vibration amplitudes than when the beam is fully activated.
This opens the possibility of developing more energy-efficient designs resulting in an adequate controllability of the natural vibration frequencies and amplitudes according to the specific application.
(3) The experimental study revealed the tunability of the stiffness and damping characteristics of MR beams. The PET beam exhibited a change in frequency up to 26.9% and variations in vibration amplitude of as much as 2.3 dB. Likewise, the natural frequency of the aluminium beam was tuned to achieve variations of 17.5% and the vibration amplitude was decreased by as much as 15.7 dB.
Future work would be done to study the loss and storage moduli effects on the vibration response of the structure under a range of homogeneous magnetic field intensities.
